Cu-Fe multifilamentary composites with up to 60 vol % Fe were prepared in situ. Magnetic hysteresis loops were obtained at room temperature as a function of composition, cross sectional area reduction, up to 99.9996%, and annealing conditions. Hei and (B·H)m" increase with cross sectional area reduction and show pronounced changes on annealing. Hei = 600, 520, and 380 Oe and M, = 5.6, 8.2, and 11.9 kG were measured in the smallest 30, 45, and 60 vol % Fe composites, respectively, following optimal heat treatment. (B.H)m" = 3.2 MG·Oe was measured in both Cu-45 vol % Fe and Cu-60 vol % Fe with hysteresis loop squareness of 0.95. Considering the excellent mechanical and transport properties, inexpensive constituent elements, and simple preparation, the in-situ formed Cu-Fe composites appear to have the potential for permanent magnet applications.
INTRODUCTION
Several methods have been developed during the last decades to prepare magnetically hard metal matrix composite materials containing aligned, submicron filaments [1] [2] [3] [4] [5] [6] [7] .
Recently, intrinsic coercivities, H ci ' of up to ~ 600 Oe were measured at room temperature (RT) in in situ formed Cu-30 vol% Fe multifilamentary composit~7]. Combined with excellent mechanical [8] and transport properties [9, 10] simple preparation [11] and inexpensive constituent elements, these materials appear to have the potential for permanent magnet (PM) applications. Further interest in the magnetic properties of the Cu-Fe in situ composites arises in conjunction with the extensive work on the isostructural superconducting Cu-Nb system [8] [9] [10] [11] .
. , 6 10 f'l / The ~~ situ formed composltes wlth 10 -10 1 aments 2 ° cm , each 50-2000 A thick and up to several rom long, have an exceptionally high dislocation density, by far exceeding the maximum attainable densities in single-phase bulk materials [8] [9] [10] [11] . This report is concerned mostly with the practical magnetic properties of the in situ formed Cu-Fe composite system. The understanding of the unusual magnetic, mechanical and transport properties, their interdependence and relation to the unique microstructure of the in situ composite is, however, far from complete and--;::-equires extensive additional study.
In the present work we report RT permanent magnet (PM) characteristics of in situ formed Cu-Fe composites with 30, 45 and 60 vol% Fe.
EXPERIMENTAL
Multifilamentary Cu-Fe composites were formed in situ following a procedure which is described in detail elsewhere [8] [9] [10] [11] . Starting two-phase alloys were prepared by RF levitation melting of 3N Cu and Fe and rapid cooling of the liquid solution. The resulting cylindrical ingots weighing ~ 12 g, ~ 1.2 cm in diameter, were then vacuum annealed for 12 days at 850°C to partially remove Fe from solid solution and in order to facilitate plastic deformation by cold swaging. The heat treatment produces significant coarsening of the initial microstructure as illustrated in Fig. 1 for Cu-60 vol% Fe. More work on the effects of annealing on the initial microstructure (and hardness) is needed as it in turn appears to affect the PM properties of the final, multifilamentary in situ composite. < 110 > texture as they twist and curl due to the constraints of the surrounding matrix [8] [9] [10] [11] . Hysteresis loops were obtained at RT using a vi- brating sample magnetometer with the maqnetic field applied parallel to the wire's long axis. The measurements were made as a function of composition, cold work and heat treatment (250-950·C).
RESULTS AND DISCUSSION
The RT saturation magnetization of the in situ formed Cu-Fe composite system increases linearly with the Fe content at 1.96 emu/g/vol% Fe between 5 and 60 volt Fe and, within experimental accuracy, is unaffected by cold work or heat treatment beyond the first, high temperature anneal of the initial ingot. These results imply the presence of up to 2w%Fe dissolved in the cu matrix following the first anneal -down from ~ 6 at % in the initial ingot -in agreement with electron microprobe tests. Ga sug-
Cu-45 Vol "10 Fe gests the presence of stress induced magnetic anisotropy in Cu-Fe along with shape anisotropy. Work is in progress to determine the role of several conceivable sources of magnetic anisotropy [12) and the modes of magnetization rotation [13) in in situ formed Cu-Fe composites.
------The pronounced increase, up to ~ 0.95, of both Mr/Ms (Fig. 4) suIt of coarsening and eventual spheridization of the filaments. Some of that loss is recoverable by subsequent mechanical reduction. Additional indirect information about the composites' microgeometry is provided by the distribution of intrinsic coercivities as determined from their demagnetization remanence curves [14] . Thus obtained, the H . distributions in terms of fila- best PM Cu-60 vol% Fe samples (Fig. 5) . Similar results were obtained for Cu-45 vol% Fe. The smallest optimally annealed Cu-30 vol% Fe composites show a much broader distribution and some of the filaments appear to have coercivities up to ~ 1000 Oe (Fig. 5) . Figures 6 and 7 show RT hysteresis loops and energy product curves, respectively, of the best PM 30, 45 and 60 vol% Fe in situ composites prepared so far. The decrease of the-best H . with increasing Fe content (Figs. 6,7) than those of conventionally prepared compacts [1] . Other structurally related materials, such as [15] Cu-l.7 w% Fe and [16] Fe-34 at % Pd precipitation alloys as well as Au-27 at % Co ~ligned eutectics [5J which exhibit higher coercivities [5, 15, 16] have, however, much lower remanence [5, 15] and/or contain very expensive constituent elements [5, 16] . overall, taking into account coercivity, remanence, maximum energy product and hysteresis loop squareness, the PM characteristics of the Cu-Fe composites (Figs. 6,7 ) approach the performance of Cr-Co-Cu-Fe alloys [17] and sintered [18] Cr-Co-Fe. The Cu-60 vol% Fe material with Hci up to 380 Oe, high remanence and square hysteresis loop (Fig. 6) compares favorably with commercial semi-hard magnets such as Remendur and Vicalloy as well as with more recently introduced [19] Co-Fe-Nb and [6] Fe-Ni and Fe-Mn alloys. Also, considering their exceptional mechanical strength [8] , high electrical [9, 10] and thermal [20] conductivity, superior to those of e.g. CO-Fe-Valloys [21] , the in situ formed Cu-Fe composites appear to fulfill important:requirements for rotor applications.
SUMMARY
In situ formed Cu-Fe multi filamentary composites with 3O,~and 60 vol% Fe exhibit a range of useful permanent magnet properties. Intrinsic coercivities of 600, 520 and 380 Oe were measured at RT in optimally annealed 35-25 ~ wire with 30, 45 and 60 vol% Fe, respectively. The 45 and 60 vol% Fe composites with remanences of 11.9 and 8.2 kG, respectively, hysteresiS loop squareness of 0.95 and maximum energy product of 3.2 MG-Oe, compare favorably with Co-based and other semi-hard magnet alloys. In view of their outstanding mechanical and transport properties, in addition to inexpensive constituent elements and relatively simple preparation, the in situ formed Cu-Fe composites appear to have the potential for a variety of permanent magnet appli ca tions. 
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